1, SUMMARY
The distribution of oil-degrading microorganism in samples of surface water and sediment from North Eastern Japanese coastal waters was studied. Modified natural sea water (NSW) agar supplemented with emulsified crude oil (Arabian light, 5 g I-=) was used to enumerate oil-degrading bacteria. In addition, filtered samples were inoculated into NSW broth containing weathered crude oil. Incubation was carried out at 20 °C for 7-10 days. Populations of oil-deg~ding microorganisms ranged from 3-230 CFU 100 ml -I in surface waters and 2.9 x 10 3 to 1.2 × 10 s CFU g-! in sediment samples. Analysis of variance showed that oil-degraders were heterogeneously disl,ributod. Six mixed populations selected from 20 samples were studied to determine which of the constituent mieroflora were capable of crude oil biodegradation. Among 51 strains selected for idenl,ification, only 61% could be identified whtLh formed 17 different bacterial species. Acinetobacter species (14 strains), Psychrobacter immobilis (9 strains) and Gram-positive cocci (10 strains) were the predominant types. Oil-degrading activity by various mixed populations (three each from water and sediment samples) was determined by using a conventional total weight reduction technique. Reduction in amount of various aliphatie and aromatic hydrocarbon substrates was verified using gas chromatography and high pressure liquid chromatography. Biodegradation of crude oil ranged from 35-58%. One mixed population of the sediment samples degraded more hydrocarbon (both aliphatic and aromatic) and the biodegradation of the aromatic hydrocarbon reached as high as 48%.
INTRODUCTION
The ocean is polluted with several million tons of oil each year. Oil which is mainly transported by sea to the industrialized world often meets with major accidents polluting oceans [1] [2] [3] [4] . There have been many reports indicating that the hot-114 erogeneous microflora in the marine environment activity participate in the degradation of pollutant oil [5] [6] [7] [8] [9] . Although a number of reports have been published on the degradation of petroleum hydrocarbons by marine microorganisms in warm Japanese coastal waters [10] [11] [12] [13] , no information is available on the distribution of oil-degrading microorganisms in North Eastern Japanese coastal waters. In addition, few studies have been done in which bacteria in the water column have been compared with sediment isolates for petroleum degrading capability [14] . The objective of the present stud;, was, therefore, to elucidate the occurrence and distribution of oil-degrading microorganisms in the North Eastern coastal waters of Japan. Furthermore, bacteria isolated fgom the water and sediment in the polluted fishing ports were compared for the ability to degrade v,'eathered crude oil.
MATERIALS AND METHODS

Study area and sample collection
Samples of st:trace water and sediment from 12 stations located within a 250-kin area of North Eastern co?:tal area of Japan ( Fig. 1) were collected aseptically. Samples were immediately transported to the laboratory in an ice box for bacteriological examination.
Sea water dilutions were prepared by mixing filtered aged sea water (stored at room tempera~re for more than 3 months) collected from the off-shore region of Kamaishi with distilled water. Sediment samples were ascepticalty weighed into 50% sea water and mechanically stirred for 30 mln to dissociate the adhered bacterial population [15] . Large particles were allowed to settle and samples of the supernatant were processed as de~-ribed below.
Temperature and pH of the water column were measured using a portable pH meter (model PHg2, Yokogawa Electric, TokyQ, Japan).
Bacteriological examinatDn
Decimal dilution series of samples were prepared and spread-plated onto marine agar (Difco ~ 
Identification of bacterial strains
Six mixed populations (three from water SW-1, SW-7 and SW-8; three from sediment SM-1, SM-7 and SM-8) were examined for bacterial species diversity. Mixed populations were serially diluted and seeded onto marine salts agar plates (1/5th strength marine agar in which NaCI concentration was adjusted to 19.65 g I-1 was used). Bacterial isolates were randomly picked from lower dilutions to higher dilutions to accommodate predominant and rare strains. A total of 51 strains were selected and purified on trypto soy agar (Nissui, Tokyo) plates at least three times before being tested for their ability to utilize 95 different carbon substrates. Commercially available microplate panels (GN Microplate, Biolog, Hayward, CA) for Gram=negative organisms were used as the source of carbon substrates. Bacterial species were identified based on the carbon-substrate oxidation profiles. However, Gram-positive strains were observed using light microscopy (Optiphot-2; t,/ikon, Tokyo, Japan) and their morphology confirmed using scanning electron microscopy (Hitachi, Tokyo). Only morphological characteristics were used to describe Gram-positive strains.
Extraction and ana~sis of hydrocarbons after biodegradation
Tbe six mixed populations were selected for their oil-degrading acti'tity. Cultures (about l0 s ml -I) were inoculated into 10 ml of NSW broth supplemented with 0.5% weathered crude oil in L-type tubes and incubated (20 o C; 7 days) with reciprocal shaking (100 rpm; TA-216; Takasaki Scientific Instrument, Saitama, Japan). The growth medium with added crude oil but without bacterial inoeulum was considered as the untreated control and the medium without bacteria but incubated normally was called the treated control. The undegraded hydroca~rbons were extracted from the culture medium with 3 ml chloroform [16] .
The residual crude oil extracted with chloroform was introduced into silica and florosil columns (Sep-Pak; Waters Chromatography, Tokyo). After three successive elusions with hexane, bvnzene and methanol, three fractions (F~, F b and F~)were obtained. Fraction F, contained saturated aliphatics; fraction F b contained aromatic hydrocarbons; and F¢ possessed asphaltene and resins [16] . The various fractions were anal. ysed for gas chromatography (GC; Shimadzu, Tokyo) and high pressure liquid ehromatograpby (HPLC; Tosoh, Tokyo). However, results indicated that some of the aliphatic components were retained in the columns (seen in Fb fraction) and aromatic compounds were present in fraction F, (data not shown). Therefore, the total biodegradation was calculated by a simple weight reduction technique, The chloroform extract (n = 5) of treated and untreated controls and the six mixed populations were transferred Lzto preweighed glass containers and evaporated in a dessicator by an aspirator. The changes in weight of various samples against the treated control were considered the hydrocarbons remaining after biodegradati0n. ADiotic degradation was calculated from the weight differences between treated and untreated controls. The changes in pattern of aliphatic and aromatic components were analDed by GC and HPLC, respectively. In GC, a packed OV-17 stainless steel column 2 m long and 3 mm in diameter was used. The operational temperature of the FID detector was 320 °C and that of 116 the injector 320 ° C. The column temperature was increased at 6 °C per min from 60-320 ° C. The carrier gas was nitrogen (30 ml min-1). In HPLC, a packed TSK gel ODS-80TM (Tosoh) column 250 mm long and 4.6 mm in diameter was used. The operational temperature was 40 °C and the UV spectra were detected at 254 am. Methanol w,s used at a flow rate of I ml min -~ as the mobile phase.
4, RESULTS
Distribution of oil-degrading bacteria
An ideal plating medium for the enumeration of oil-degrading bacteria does not exist. Use of silica gel as a substitute for agar drastically decreased CFU one to three-fold and so a most probable number (MPN) method for the enumeration of marine hydrocarbon degrading bacteria was suggested [111. However, simple emulsions seem satisfactory for evaluating oil degradation but there are difficulties involved in the measurement of growth in the presence of oil. Also, the labour involved in cleaning the glassware, restricts the use of the MPN method for the routine survey of oil+degrading populations (Simidu, personal communication). Although growth of bacteria in NSW agar without oil was seen in our preliminary experiments, this accounted for only 10% of the NSW-oil agar counts. Hence, in the present study, even though some unresolved difficuries exist with the media used, the bacterial populations enumerated in NSW agar were considered as oil-degrading bacteria. Table 1 shows the environmental and microbial characteristics of the sampling stations. Oildegrading microorganism counts ranged from as low as 3 cells to 2.3 × 10 z CFU 100 at-' in water and 2.9 × 103 to 1.1 × l0 s CFU g-1 in sediment samples. Among the various stations studied, Kesenuma port II had the highest h©terotrophic and oil-degrading bacterial populations. Interestingly, red tide planktonic blooms were seen during the period of collection at this station. Whilst the percentage of oil-degraders among total heterotrophs was less than 0.1% in water samples, values from sediment samples ranged from 0.9-100%. The higher proportions of oil-degrading bacterial populations in sediment than in water column were also statistically significant. (F test ---70.94; P < 0.001). Table 2 shows bacterial species diversity of six mixed populations. From 51 strains randomly se- most common and identical in their morphology. Light microscopy revealed short rod shapes but when these strains were observed under the scaning electron microscope a unique squared cocoid morphology was evident. Further characterization was necessary to identify these strains. Five different genospecies belonging to the genus Acinetobacter formed a major constituent (14 strains) of the mixed population and were dominant in five out of the six mixed populations studied. Psychrobacter immobitis (9 strains) followed by several l~br/o species (7 strains) were the second and the third most dominant groups capable of degrading weathered crude oil. TabLe 3 shows the biodegradation of crude oil by the ~ix mixed populations tested. Chloroform, which was used to extract undegraded hydrocarbons, recovered higher percentages of hydrocarbons when compared to benzene, bexane, etc. (data not shown). Abiotic degradation, mainly agitation, accounted for 1.2% (98.8% hydrocarbon of the unueated control was extracted). All the populations were able to degrade crude oil and the percentage biodegradation varied from 35-58%. Among different populations tested, sediment sample SM-8 exh~ited the highest biodegradation potential which exceeded 58%, followed by water sample SWol (53%). Fig. 2 shows the changes produced in aliphatic hydrocarbon substrates by the mixed populations tested. When calculated with C10 as internal standard shaking (200 rpm). Media supplemented with crude oil and not incubated was extracted with 3 ml chloroform was considered the untreated control (51 +0,7 ms). The difference between untreated and treated controls was called abiotic degradation.
Biodegradation potential of o#-degrading bacteria
(added after chloroform extraction) SM-8 populations, degraded more saturated hydrocarbons than the other sediment derived populations., followed by SW-1 from the water populations, The same trend was noticed for degradation of arematte compounds (Tabte 3). As noted for total hydrocarbons, the SM-8 population was also shown to utiliso a high percentage (48%) of aromatic substrates compared to the other populations tested (14.3-24.6%).
DISCUSSION
Crude oil biodegradation is a natural phenomenon and much work has been undertaken to elucidate the fate of crude oH in oceans [7] [8] [9] 14, 17] . Hydrocarbon degrading microorganisms appears to be ubiquitously distributed in the Alaskan continental shelf areas [18] , Chesapeake
Rmtention Time (mh) Fig. 2 . Change~ in the hydrocarbon patterns as seen by gas chromatography, Refer to MATERIALS ANn M~moDs for procedure. SW ffi water; SM --sediment. Control is weathered crude oil which was added to the 8rowth medium and incubated at 20°C for 7 days (treated control). Chloroform extract was used in GC analyses. Arabic numerals ~efer to the stations.
bay [19] and Raritan bay [20] in the U.S. in the North Sea [21] , the Western North Pacific Ocean (personal communication), the Eastern Indian Ocean and the South Chiua Sea [22] and in the Seto Inland Sea of Japan [13] . The widespread distribution of oil,degrading microorganisms found during the present study was comparable to these findings. All the heterotrophs grown from sediment sample SM-8, which showed highest biodegradalion, were off-degrading bacteria. Though the cause for this is difficult to explain, it is possible that the use of a nutrient rich medium to count total heterotrophs may have inhHited the growth of some oligotrophic bacterial communities.
The importance of mixed microbial cultures in petroleum degradation has already been emphasized by various workers [5, 23] . Many researchers including Zobeli and Prokop [17] , Westlake et aL [7] , Walker et al. [14, [24] [25] [26] , Wyman and Brown [27] , Colwell and Walker [8] , Atlas [9] and Rambeloarisoa et al. [16] , also used mixed populations for the degradation of crude oil.
Populations of mixed bacteria which actively degraded weathered crude oil were isolated from the coastal area for this present study. These populations were found to be composed of several species and partly explain the self-cleansing potential of the marine environment. The mixed population SM-8 isolated from z"diment was found to be highly active. Quantitative analysis of hydrocarbons degraded by water and sediment bacteria revealed that the sediment sample SM-8 was most effective in degrading weathered Arabian light crude oil. Sediment organisms mineralized aliphatie substrates substantially as shown by the GC patterns and aromatic compounds were also degraded more by sediment mixed populations (48.3%) than by water-column bacteria (24.7%). Because of the migration of heavy asphalts and movement of spilled oil due to non4idal drift to the sediment [17, 28] , mixed populations of sediment hacteria may be assumed to attack weathered crude oil more readily than the water.column bacteria which are more often exposed to the volatile substances in crude oil. This result is contrary to the findings of Walker vt at. [14] who emphasized that water-column bacteria were more active than their sediment counterparts. However, the results of Rambel0arisoa et al. [16] , Zobell and Prokop [171, Atlas and Bartha [201 and Miget et al. [29] are in accord with our findings. Further research is in progress to determine why sediment bacteria degrade crude oil more activeby.
In this study, and as also shown by Roubal and Atlas [18] , no significant correlation was noticed between numbers of oil-degrading bacteria and hydrocarbon biodegradation potentials. However, in Chesapeake Bay, a significant g-,sitive relationship b~tween the numbers of hydrocarbon utilizers and hydrocarbon degradation activities was reported [191. About 68% oxidation of a Louisiana crude oil was reported [14] . Walker et al. [14] and Miget et al. [29] observed degradation of 35-51% of Louisiana crude oil. Using mixed populations isolated from Japanese coastal waters, Kimura et al. [30] reported 21.6% degradation for desulfurized heavey oil whilst Murakami et aL [121 found that 36% of Arabian light crude oil was degraded. Interestingly, Rambeloarisoa et al. [16] recorded an g1% reduction of the initial hydrocarbon sub. strates used. In all these cases the concentration of carbon substrates were only 1-2 g I-I. In the present study and that of Atlas and Bartha [20] the concentration of oil used was 5 g 1-l It has been shown [I6~ that crude oil biodegradation is inversely proportional to the concentration of oil in the medium. These workers reported that at oil concentrations of 1, 2. 4 and 6 g I -I the degradation percentages were 81, 75, 55 and 42%, respectively. In addition to the type of etude oil and its concentration, length and temperature of the inoculum and medium composition would be important in the degradation of crude oil.
However, in contrast to the work by Atlas and Bartha [20] where biodegradation was reported to 70%, the etude oil used in this study was weathered by heating to 100*C at 48 h. This heating process changes the hydrocarbon composition (up to I/3 reduction of total hydrocarbons) through the evaporation of volatile substances (data not shown). Using this weathered oil, degradation values up to 58% were made possible by the SM-8 mixed populations. This shows that SM-8 and SW-1 (< 50%) mixed populations have some special properties. Characterization of these populations is continuing with research programs to elucidate the mechanisms behind this oil degradation. These studies include work into the cooxidation effect of metabolites by some bacter;al strains which are not directly responsible for the biodegradation process; the combinations of sin-gle strains which effectively reduce hydrocarbon mixtures and identification of substances produced by bacterial strains which are responsible for inhibitln8 oil biodegradation.
